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Abstract
Colloidal particles at a liquid-liquid interface can order into
interesting structures. In this work poly(methyl methacrylate)
colloids with a core-shell structure have been synthesized and
studied. They have been clustered to create anisotropic particles
with regular shapes. Their structure is optimal for studies at
water-oil interface with both bright field and confocal microscopy.
The stability of the colloids has been tested in aqueous and
organic media with single and clustered particles. Both single
spherical particles and clusters have been observed at an water-oil
interface. A computational project related to self-assembly
problem in virus-like protein capsid is presented in Appendix A
as a side-project of this research.
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Chapter1
Introduction
When colloidal particles approach a water-oil interface they eventually
bind to it to reduce the interfacial energy. [1],[2]. This phenomenon hap-
pens in nature and it plays an important role in foams and emulsions since
these can be stabilized by colloids [3]. At the interface colloids form 2D
structures. These structures can be ordered or disordered depending on
the specific interactions between the particles at the interfaces. If there
is repulsion between the particles it has been demonstrated that colloidal
spheres can order on a hexagonal lattice at an water-oil interface [4]. Us-
ing colloids with different properties specific so-called super lattices can
be formed [5]. Possible applications of colloidal crystals at a water-oil in-
terfaces are the construction of nanostructures or their use like biosensors
[6]. So far, no studies have been performed on the ordering of colloidal
clusters at liquid-liquid interfaces. The use of clusters as units for crystals
is interesting because it introduces anisotropicity in the structures. The
goal of this study was to observe the effects of the use of basilar anisotropic
clusters (trimers) on the structure of a colloidal crystal at an water-oil inter-
face. We started with studying the attachment of PMMA spheres and clus-
ters to flat water-hexane interfaces to reduce difficulties of analysis due to
curvature induced defects [7]. We choose to synthesize fluorescent core-
shell poly(methyl methacrylate) colloids as described by Mark T. Elsesser
[8]. These colloids should be stable in both the water and the oil phase of
the interface and their fluorescent core should permit the particle tracking
with confocal microscopy even when they are clustered. First the fluores-
cent poly(methyl methacrylate)(PMMA) cross-linked cores has to be syn-
thesized, then the undyed shell can be made grown on it. The obtained
fluorescent core-shell PMMA spheres can be used to create small sized
clusters following the procedure by V. N. Manoharan et al. [9]. To obtain
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a flat water-oil interface where to observed the particles we needed a spe-
cific set-up that permits to have a flat interface near to the objective lent.
So we modified the original design of a set-up used in Utrecth University
by Ping Liu group. With this set-up the single particles and the clusters
produced in the synthesis were observed at water-hexane and water-CHB
interfaces.
2
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Theory
2.1 Introduction to colloids
Colloids are particles with a size range of a few nanometers up to microm-
eters [10]. This is a broad definition and includes a huge range of material
composition and shapes. Due to their size and the fact that they are usu-
ally suspended in a liquid, colloids show two characterizing properties.
The brownian motion which permits also the self-assembly of colloids,
because with their random walk they can explore every point of the space,
and the Tyndall effect, because they have sizes comparable to the visible
light wavelength and so they diffract it. Colloids can be studied with both
normal microscopy (for particles bigger than 500nm) and scanning elec-
tron microscopy. By self-assembly novel colloidal crystal structures can be
used as a model system for atoms in a metal since they have some similar
characteristics (propagation of defects, phase transition etc.) [11]. Col-
loidal structures can lead to new materials with tuned characteristics with
a bottom up approach. They can also be used in biological systems, for
example as bio sensors sensitive to changes in physical properties, or as
drug delivery system.
2.1.1 Stability
Colloidal particles suspended in a liquid can go through coagulation, the
ability of such particles to resist coagulation in a solvent is called stabil-
ity. To achieve the stability in a colloidal system, it is required that the
forces that want to keep the particles apart overcome the attractive forces
between the particles. The main forces to overcome are the Van der Waals
forces between the colloidal particles. They are composed by attractive
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dipolar interactions and their magnitude depends on the size and shape
of the particles [11]. Therefore, single colloidal particles in dispersed in a
liquid will naturally aggregate. To avoid that, the particles can be stabi-
lized in two ways: charging the particles to induce electrostatic stability
or by adding a polymeric layer on the colloids resulting in steric repul-
sion. Charging the particles with the same sign will induce a Coulomb
repulsion between the particles. This can be done designing the chemical
properties of the surface of the particles to acquire a charge in a suspen-
sion. The range of the repulsion will depend on the number of charges
on the particles. The other method is called steric stabilization. Here, the
polymer layer on the surface of the colloids will prevent the particles from
approaching closely due to the overlapping of the polymeric chain when
the particles approach each other. The polymer could be covalently at-
tached to the surface or just adsorbed on it. When both the methods are
used to stabilize the colloids it is called electrosteric stabilization. An illus-
tration of both two methods is shown in Fig. 2.1
Figure 2.1: Electrostatic and Steric stabilization on two colloidal particles. The
two stabilization methods do not permit to the particles to touch. (Retrieved
from: http://www.particlesciences.com/news/technical-briefs/2009/physical-
stability-of-disperse-systems.html)
4
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2.2 Core-shell PMMA particles
In this section the syntheses needed to make fluorescent core-shell poly(methyl
methacrylate) (PMMA) particles are described.
2.2.1 Reagents
These are the chemicals used during the cores synthesis.
• Fluorescent dye (RAS: rhodamine aminostyrene) for the core of the
particles, dissolved in acetone. It is a dye with vinyl monomers (4-
aminostyrene) which included in the synthesis gives a red color to
the colloids, optimal for confocal microscopy.
• The building blocks of the particles are monomers. The monomers
used are a mixture (49:1 w/w) of Methyl methacrylate (MMA) and
methacrylic Acid (MA).
• The initiator in the polymerization makes the reaction begin. In this
reaction the Azo-bis-isobutyronitrile (AIBN) is used. This organic
compound easily divide in two radical molecules that make start the
chain polymerization process [12].
• The dispersion medium in which the reaction occurs is a mixture (2:1
w/w) of Hexanes and Exxsol D120, two organic solvents.
• The chain transfer agent (CTA) helps to control the final shape and
size of the particles. It transfers the chain growth process from a
molecule to another [13]. Octyl mercaptan is used.
• To avoid the aggregation of the synthesized particles in the organic
media Poly(12-hydroxystearic acid) graft copolymer (PHS-g-PMMA)
is added to the solution. This molecule has a part made by PMMA,
that can bind with the particles, connected with the acid part that in-
duces a charge in the surface of the molecule that keeps the particles
apart [14].
• To create a stronger and rigid particle a cross-liker compound has to
be added. This element binds the polymer chain with itself, making
the structure of the colloidal particle more rigid. As cross-liker Ethy-
lene glycol dimethacrylate (EGDM) has been used because it easily
binds with methacrylic acid. The EGDM has to be added during the
growth of the particles in a constant flow to ensure it is uniformly
distributed in the spheres.
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2.2.2 PMMA core synthesis
Fluorescent PMMA spheres can be synthesized by a dispersion polymer-
ization method [15] illustrated in Fig. 2.2.
Figure 2.2: (A) all the reagents in the reaction flask, when the reaction tempera-
ture is reached the initiator is activated and the polymer chain starts to grow (B).
(C) The stabilizer surrounds the polymeric chain that folds into a coil-like struc-
ture. (D) the cross-linker bind with the polymer chain connecting different parts
of it
The polymerization of the monomers is initiated by the radical initia-
tor that makes an active site on a monomer. This active site binds the
monomer to another one and then it passes to that monomer. This pro-
cess continues creating a polymer chain. It stops only when the active site
doesn’t find anymore monomers in the solution to bind to the chain. When
the growing polymer chain reaches a certain length, it is not soluble any-
more in the solvent and it starts to crumble on itself to reduce its surface
area. This phase is called nucleation because the crumbled polymer chain
form small nuclei of particles. Nucleation can be observed macroscopi-
cally since the suspension becomes turbid (usually around 6 minutes after
the start of the reaction) because the particles start to diffract the light. At
this moment the cross-linker can be added to the reaction. It gives rigidity
to the particles. At the end of the reaction PMMA cross-linked fluorescent
6
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cores are made stabilized sterically by PHS-g-PMMA molecules adsorbed
to the surface.
2.2.3 Stabilizer Locking
The PHS-g-PMMA stabilizer is physisorbed on the surface of the particles
during the reaction but. In fact the PHS-g-PMMA stabilizer surrounds the
particle because of its PMMA part that has affinity with the particles. The
stabilizer can be locked to the colloidal spheres through a covalent bond.
To do that the dispersion with the particles is transferred to dodecane and
heated to 120◦. Then N,N-Dimethylethanolamine is added, this chemical
links the PHS-g-PMMA covalently to the surface of the particles.
2.2.4 Fluorescent Enhancement
A procedure to increase the fluorescence intensity of the cores is performed
by swelling the stabilized particles into a good swelling medium contain-
ing the RAS dye with acrylic monomers. The RAS dye is mixed with ace-
tone, a good solvent for the dye, and cyclohexanone, a good swelling agent
for the particles. Then 4-aminostyrene monomers are added to the dye so-
lution. When the PMMA particles are mixed with the dye solution the dye
and the monomers are adsorbed by the particles and they remain trapped
in it when the particles are brought back to a liquid where they not swell
(dodecane).
2.2.5 Shell Growth
An undyed shell can be formed around the core particles by a seeded dis-
persion polymerization method. In normal dispersion polymerization the
monomers first nucleate into polymer chains and then the polymer par-
ticles grow: In the seeded dispersion polymerization growth of the poly-
mer chain starts directly from the already existing PMMA cores. As in
dispersion polymerization polymerization is caused by the initiator, but
in this case the active site is created on the polymers on the surface of the
particles. To create a rigid shell also the cross-linker is added during the
synthesis. To avoid secondary nucleation the monomers have to be added
gradually [15]. The mass of monomers needed to create the shell is cal-
culated considering the desired growth in radius (R f − Ri) and the actual
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radius of the cores (Ri):
ma = ms
((R f
Ri
)3
− 1
)
ma is the mass of the monomers added, ms the mass of the seed particles.
The others chemicals are calculated by fixed percentage related to the mass
to add and the particles mass in the suspension.
2.3 Colloida cluster fabrication
To create clusters of the cores-shell particles the method described by V.N.
Manoharan, M.T. Elsesser and D.J. Pine [9] can be followed. Figure 2.3.
describes the process.
Figure 2.3: Colloidal cluster preparation method: (A) The particles are dispersed
in toluene in which they swell. (B) Next the solution is mixed with water forming
an emulsion with small toluene droplets containing only few particles at water-
oil interface. The emulsion droplets are stabilized by the presence of Sodium
dodecyl sulfate (SDS) in water (1%w) (C) Heating the solution to make evaporate
the toluene forces the particles to get close until the Van der Waals forces make
them stick together. (Image taken from V.N. Manoharan, M.T. Elsesser and D.J.
Pine article [9])
The PMMA core shell particles are dried from hexane and then redis-
persed in toluene. Toluene is a water-insoluble liquid that makes the par-
ticles swell. The dispersion of the particles in toluene is mixed with water
resulting in an emulsion of toluene droplets in water. The particles are
bound at the water-toluene interface of the droplets by surface tension.
8
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When the toluene is preferentially evaporated from the solution the par-
ticles are forced to pack together. At this distance Van der Waals forces
cement the particles together in small clusters. The result of this method is
a dispersion of PMMA core-shell particles clusters in water, stabilized by
surface charges on the particles.
2.4 Colloids at interfaces
Due to their dimension colloidal particles have an enormous surface area
and surface energy relative to their volume. They shows interesting be-
havior at physic interface such as liquid-air interface or liquid-liquid inter-
face. Often when a colloidal particle is adsorbed at an interface it remains
stuck in it. This because at an interface a surface energy well is present,
caused by the contributions of three energies: the two energies of the par-
ticle interface with the two liquids, (the first two terms in the equation) and
the negative energy of the missing interface between the two phases (the
quadratic term in the equation). If the sum of this energies is greater than
the thermal energy of the particle then it results trapped at that interface
[2].
Ei = pia2[2γo/s(1− cosθ) + 2γw/s(1+ cosθ)− γo/wsin2θ]
The γ are the interfacial tensions, a is the radius of the particle and θ is
the the contact angle between the particle and the interface (pi/2 for the
particle immersed for an half in water and for an half in oil). A schematic
illustration of a particle at Oil-Water Interface is shown in Fig. 2.4
Figure 2.4: Schematic illustration of a particles at equilibrium at Oil-Water Inter-
face (Image taken from S.Levine article [2])
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2.4.1 Colloidal interactions at water-oil interfaces
At water-oil interfaces there are many forces acting on the particles, both
repulsive and attractive. Here, three major forces can be recognized. DLVO
repulsion force is present between two particles due to the water phase,
therefore its intensity will depend on the immersion depth of the parti-
cles in water. Another repulsive force is the dipole dipole repulsion. Since
a part of the particles is immersed in water and the other in oil, there is
an asymmetrical charge distribution on the particles. In fact the surface in
contact with water is usually charged and the one in oil is not. This induces
a dipole in the particles which cause repulsion. The dipole interaction is
stronger in the oil phase because in water it is screened by counter-ions in
the water phase [3]. These two repulsive forces are shown in Fig. 2.5
Figure 2.5: Schematic illustration of DLVO force and dipole-dipole repulsion (Im-
age taken from T. N. Hunter et al. article [3])
The attractive forces between colloids at the interface are more difficult
to explain. The particles are still affected by short-ranged Van Der Waals
forces that acts when they are immersed in only one liquid phase. Al-
though strong flotation capillarity forces can be neglected, for such small
particles there could be still a contribution due to the their surface. In
fact, if the surface of the particles attached at the interface is not perfectly
smooth it could induce deformations in the interface surface, resulting in
attractive forces between the particles [16]. In Fig. 2.6 are shown how the
roughness of the particles surface could affect the interface.
10
Version of August 1, 2016– Created August 1, 2016 - 14:02
2.5 Techniques 11
Figure 2.6: Induced deformation in water-oil by particle roughness
2.5 Techniques
2.5.1 Optical Microscopy
Micron-sized colloids can be studied with optical microscopy. With this
technique Brownian motion can be observed as well as interactions be-
tween the particles. Also confocal microscopy can be used. This technique
offers several advantages over normal optical microscopy. Its images have
better contrast and resolution. It visualizes only one plane of focus, can-
celling out of focus information. 3D images can be obtained with it by
combining images taken at different depths. PMMA core-shell particles
are optimal for studies for this technique because of their fluorescent core
that can be seen only with confocal microscopy. The resolution limit of
optical microscopy is set by the diffraction limit (minimal distance needed
to distinguish two point):
d =
λ
2n sin θ
Where n sin θ is the numerical aperture and λ is the light wavelength (vis-
ible light 400 − 700nm). Therefore, it is not possible to obtain detailed
information about the size and the surface morphology with these tech-
niques.
2.5.2 SEM
In the 30s another kind of microscope was developed that is based on
electrons instead of light: the scanning electron microscope (SEM). The
electrons has a small wavelength when they have an high kinetic energy.
Accordingly to De Broglie’s formula:
λ =
h√
2mE
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Usually in the SEM microscope produces an electrons beam with energy
up to 15keV that means an electron wavelength of 10 pm. This incredibly
low value should permit the a comparable diffraction limit. Therefore,
electron microscopy is often used to analyze the surface properties and
size of colloids. This is not possible due to practical problems but still the
SEM can reach a resolution around 2nm that is way better than normal
microscopy limit. The electron beam is produced in an electron gun which
usually works by thermal emission from a heated metal filament. Then
the electrons are accelerated by an Anode grid to reach high energies. The
electron beam is then focused by some Condenser lenses and Scanning
Coil into the Sample. All the intern of the SEM is under High Vacuum
to avoid collision of the electrons. When the electrons reach the Sample
they can go trough random scattering or adsorption which could cause
secondary emission of electrons from the sample material. The electrons
that have interacted with the sample are detected by apposite instruments
in the intern of the chamber and their intensity is measured. With the
information detected from this electron it is possible to create an image
of the sample with an incredibly high resolution. In Fig. 2.7 a schematic
illustration of the SEM is shown.
12
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Figure 2.7: Illustration of a scanning electron microscope
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Methods
3.1 Chemicals
Name Abbreviation Description Producer
Methacrylic acid MA 99.8% extra pure, stabilized Acros Organics
Cyclohexyl bromide CHB 99% Acros Organics
Cis-decahydronaphtalene Decalin 99% Sigma Aldrich
N,N-Dimethylethanolamine DMAE 99% Acros Organics
Cyclohexanone ACS reagent Acros Organics
Octyl mercaptan ≥% Sigma Aldrich
Toluene ≥99.7% Sigma Aldrich
N-Hexane for analysis 95% Sigma Aldrich
Dodecane mixture of isomers Acros Organics
Ethanol 96% Sigma Aldrich
Acetone ≥99.5% Sigma Aldrich
Sodium dodecyl sulfate SDS ≥ 95.5 Sigma Aldrich
Exxsol D120 ≥ 98% Exxon mobil chemical
4-aminostyrene 97% stab Alfa Aesar
2,2’-Azomis(2-methyl-propionitrile) AIBN ≥ 98% Sigma Aldrich
Ethylene glucol dimethacrylate EGDM 98% Sigma Aldrich
Rhodamine B isothiocynate RITC mixed isomers Sigma Aldrich
Methyl Methacrylate MM contains≤ 30 ppm MEHQ as in-hibitor, 99% Sigma Aldrich
Water Water filtered using a MilliQ fil-tering system MilliPore
Poly(12-hydrostearic acid) graft copolymer PHS-g-PMMA 45%solution in a 2:1 (w/w) ethylacetate/butyl acetate mixture New York University (2013)
3.2 Procedures
All the procedures performed on the particles and their names are dis-
played in Fig. 3.1
3.2.1 Synthesis of fluorescent PMMA cores
Fluorescent PMMA cores are synthesized according to the method de-
scribed by M.T. Elesser et al. [8]. Here, I will describe a typical synthesis
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Figure 3.1: Summery of the synthesis performed
procedure. The exact amount of every chemical used for the three differ-
ent synthesis can be found in table 3.1 Three different batches of PMMA
fluorescent cores, CoresSet1, CoresSet2 and CoresSet3 were obtained.
In a 40ml glass vial a 49:1 (w/w) mixture of MM/MA was prepared and
mixed with rhodamine aminostyrene (RAS) dye, previously prepared with
the procedure described by Elsesser et. al. [8], dissolved in acetone. The
mixture was ultrasonificated for 1min and then vortexed for 1 h. Then it
was filtrated with a PTFE 0.45µm filter to remove undissolved dye.∗ To
a two neck round-bottom flask (50ml) the filtrated mixture was added.
AIBN was added by weight together with a mixture of Hexane:Exxsol
D120 of ratio 2:1 (w/w). Octyl Mercaptant was added volumetrically fol-
lowed by the PHS-g-PMMA stabilizer. The mixture was stirred magneti-
cally at 280rpm. The syringe with the cross-linker was prepared as follows:
In a 10ml syringe a 2:1(w/w) mixture of Hexane/Exxsol D110 and EGDM
cross-linker was poured. A curved needle was attached to it and the pis-
ton was pushed into the syringe until the first droplet of liquid came out
to avoid the presence of air in the syringe. Then the valve of the syringe
was closed. The reaction flask was connected to a condenser cooled at 16◦
and flushed with N2 (g) continuously. The reaction flask was lowered into
an oil bath set at 83◦. In Fig.3.2 a photo of the reaction set-up is shown.
∗During the first synthesis of the CoresSet1 particles the dye wasn’t filtered
16
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Table 3.1: shows the chemicals used during the different synthesis
Particles CoresSet1 CoresSet2 CoresSet3
reaction flask (amounts in g)
AIBN 0.09978 0.1024 0.10312
MM/MA 10.00 9.50 9.50
RAS 0.01029 0.01036 0.01020
acetone 0.310 0.310 0.310
PHS-g-PMMA 1.31 1.06 1.03
hexane/exxsolD110 10.33 10.37 10.32
octyl mercaptan 71.4µl 71.4µl 71.4µl
Syringe
hexane/exxsolD110 3.33 3.32 3.32
EGDM 0.190µl 0.190µl 0.190µl
After 6 min the solution became turbid and the content of the syringe was
added for 10 min at 20µm/min followed by for 28min at 56µm/min. After
addition, the flask was left in the oil bath for another 2h. The reaction flask
was then left to cool down and washed 3 times with dodecane.
3.2.2 Washing
After every procedure the particles went trough a washing procedure to
wash out the remaining undesired chemicals from the solution. The wash-
ing procedure consist in three steps:
• Add liquid to fill roughly for 3/4 of the vials, to mix and sonificate
for 15min. (Sonification may not be used for clusters)
• Centrifuge for different time and velocity depending on the liquid
in the vial. Usually 1200 rpm for 15min with hexane, 1500rpm for
20min with dodecane and 1200g for 20min for DI water. Sometimes
the centrifugation has been replaced by natural sedimentation of the
particles.
• take out the supernatant after centrifugation.
This three steps were repeated at least three times for every washing pro-
cedure. The same procedure was followed to transfer the particles from a
liquid to another (if the two liquids mix).
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Figure 3.2: Image of the reaction flask in the oil bath during the reaction
3.2.3 Stabilizer locking
to covalently link the PHS-g-PMMA stabilizer to the colloids a locking
procedure was performed after every core synthesis and after every shell
growth (with the exception of the first shell growth on the CoresSet2 Shell
particles).
The locking was performed as follows: The dispersion was poured into
a two neck round-bottom flask (50ml) and weighted. The flask was con-
nected to a condenser cooled at 16◦ and flushed with N2 (g) continuously.
The reaction flask was lowered into a preheated oil bath set, 130◦, and
magnetically stirred at 300rpm. A rubber septum was placed in the side
neck and a digital thermometer was pushed through it till its tip was im-
mersed in the solution. When the temperature of the solution reached 120◦
0.2% of the weight of the solution of DMAE was added to the dispersion
using the side-neck. The flask was left in the oil bath for 2h adjusting the
temperature of the oil bath such that the temperature of the suspension
was always slightly above 120◦. After that, the reaction flask was left cool
down and then the dispersion was washed with hexane. In table 3.2 the
amount of dispersion in the flask and DMAE added are listed for every
stabilizer locking performed.
18
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Table 3.2: shows the amount of DMAE added for every stabilizer locking. It
was calculated by multiplying the Solution weight by 0.002 and dividing by the
DMAE density (in the last locking the multiplying factor was 0.02)
Particles Set Solution in the flask (g) DMAE (µl)
CoresSet1 22.82 52.7
CoresSet2 20.07 46.3
CoresSet2(Failed) 20.00 46.2
CoresSet2 2Shell 20.40 47.1
CoresSet2 Shell 9.56 22.08
CoresSet3 25.13 58.0
CoresSet3 Shell 12.90 298
3.2.4 Fluorescence enhancement
To increase the fluorescence of the PMMA core particles the cores were
swollen with swelling medium containing RITC. The fluorescent enhance-
ment procedure was performed after locking of the stabilizer on the cores
particles but not in all the batches (see fig 3.1). Once it was made forgetting
to add the PHS-g-PMMA during the procedure. This resulted in a loss of
stability for the particles, since aggregation was observed. Therefore, the
PHS-g-PMMA was added afterwards to the dispersion and after sonifica-
tion the particles reacquired stability.
A dye mixture was prepared by dissolving 13mg of RITC in 5ml of ace-
tone and 15ml of cyclohexanone in a 40ml glass vial. The mixture was
mixed and sonificated for 20min. After the sonification the solution was
filtered with a 0.45µm PTFE filter. 4-aminostyrene was added to the fil-
tered dye solution and the PHS-g-PMMA was added. In 40ml vials 5ml
of PMMA particles in dodecane (10-15% by weight) were mixed with 5ml
of dye solution and mixed until the color became brighter (more than 20
min). After that 25ml of dodecane were added to every vials to deswell
the particles. The particles were washed with hexane.
3.2.5 Shell growth
The shell growth procedure was performed on three times on cores of
CoresSet2 and once using cores of CoresSet3. The exact amounts of ev-
ery chemical used is listed in table 3.3.
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To perform the shell growth procedure the concentration of the disper-
sion containing the core particles was determined first by weighing two
droplets (around 0.1ml) of dispersion before and after drying. In a two
neck round-bottom flask (50ml) a mixture of Hexane/Exxsol D110 1:1 (w/w)
previously prepared was poured with AIBN (by weight) and Octyl mer-
captant (Volumetrically). The solution was stirred magnetically to dis-
solve the AIBN. The flask was connected to a condenser cooled at 16◦
and flushed with N2 (g) continuously. In a 40ml glass vial a mixture of
MM/MA 49:1 (w/w) was prepared. AIBN (by weight), hexane/exxsol
D120 1:1 (w/w), EGDM (Volumetrically)and Octyl mercaptant (Volumet-
rically) were added to the same vial in that order. The PHS-g-PMMA sta-
bilizer was added. The content of the vial was mixed and then poured in a
10ml syringe (for some reactions a 50ml syringe was necessary). A curved
needle was attached to it and the piston was pushed into the syringe till
the first droplet of liquid came out to avoid the presence of air in the sy-
ringe. Then the valve of the syringe was closed. The needle of the syringe
was pushed trough the septum in the side neck of the flask and the sy-
ringe placed in a infusion pump. The reaction flask was lowered into an
oil bath set at 83◦ with magnet stirring at 300rpm. After 2min the infu-
sion pump with the syringe was activated and left on for 30min at the rate
listed in table 3.3. The rate was calculated to add all the syringe content in
30 min with Igor Pro 7 software. After this time the reaction flask was left
in the oil bath for at least 1h and then left cool down and poured in 2 40ml
vials. The particles were washed with dodecane. After this procedure the
stabilizer locking procedure was performed on the core-shell particles.
3.2.6 PMMA colloidal clusters preparation
Four batches of colloidal clusters were prepared. Once on the CoresSet2 1Shell
particles ( CoresSet2 1Shell Clusters), twice on CoresSet2 2Shell particles
(CoresSet2 2Shell Clusters1 and CoresSet2 2Shell Clusters2), and once on
the CoresSet3 Shell particles (CoresSet3 Shell Clusters). The details of the
various syntheses are listed in table 3.4
To obtain colloidal cluster, the core-shell particles need to be dispersed
in toluene. Hexane could be easily be evaporated leaving dry PMMA par-
ticles. The dried PMMA core-shell particles were redispersed and swollen
in toluene (3% w/w) by mixing overnight. The redispersed particles in
toluene were poured in a graduated cylinder (for the first two clustering
procedure we used a 50ml glass cylinder but the emulsion produced was
20
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Table 3.4: shows the different emulsification time, the amount of particles in
toluene, the 1% SDS solution and DI Water amounts added in the cylinder.
Clusters Emulsificationtime (min)
Particles in
Toluene 3%
w/w (g)
1% SDS
solution
(ml)
DI Water
(ml)
CoresSet2 1Shell Clusters 1 1.53 3 7
CoresSet2 2Shell Clusters1 2 1.65 3 7
CoresSet2 2Shell Clusters2 2 4.40 9 21
CoresSet3 Shell Clusters 2 4.28 9 21
overflowing from it so in the next ones we used a 250ml glass cylinder). A
mixture of 1% w/w SDS in MQ water was made and added to the glass
cylinder. More MQ water was added to the cylinder (amounts listed in
table 3.4). The solution was emulsified at 8000rpm. Then the emulsion
was transferred to a beaker and placed in a oil bath at 65◦ with magnetic
stirring at 300rpm for at least 1h to evaporate the toluene. MQ water was
constantly added to compensate evaporation. The temperature of the oil
bath was then increased to 95◦ and the beaker left in it for another hour.
The solution was left cool down and then poured into a 40ml vial. The
particles were washed with water.
3.3 Flat water-oil interface setup
The set-up used to have a flat interface was designed by Ping Liu and
Daniel ten Napel of Utrecht University. The set-up is schematically shown
in Fig. 3.3 and consists of three parts.
The first part is a glass cylinder with a 0.15mm microscopy slide glued
to the bottom. The liquids will be poured in this cylinder. The second part
is similar to the first part, bur here the cylinder diameter is larger since it is
used as a cover to prevent evaporation. The third and most important part
is an aluminium ring with an inner part of teflon. inside the ring a thin rim
of aluminium is connected with the teflon. When this set-up is filled with
water and an oil with density lower than water (hexane in the figure) the
two phase separate as in Fig 3.3. The interface is pinned at the point where
the teflon and the aluminium part of the ring meet because the water likes
to be in contact with the aluminium part while the oil likes the teflon part.
Therefore, a flat interface can be obtained by adjusting the amounts of the
two liquids and reaching equilibrium with the hydrostatic pressure. It’s
22
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Figure 3.3: A photo and a scheme of the set-up are displayed.
easy to remove or add both of the liquids because the oil is confined into
the aluminium ring and the water can pass under the ring thanks to the
four tiny feet on the bottom of it. The technical details of the ring and the
glass holder are shown in Appendix B together with the modifications we
made with our fine mechanical department to reduce the height of the in-
terface point. In fact to image the interface with a good magnification (60x)
we used a CFI S Plan Fluor ELWD 60EC (Nikon) objective with extremely
large working distance of 2.62-1.8mm. We wanted to have the interface
as close as possible to the glass holder so we modified the original design
of the aluminium ring to have the interface between the aluminium and
teflon part at 0.9mm from the glass.
This set-up wasn’t the only one used during the project. Before a smaller
glass holder similar to the one of the set-up was used for preliminary stud-
ies on the interface. In that case the interface between two liquids its tiled
due to the meniscus and there is negative or a positive curvature between
the two liquids depending on their nature. We tried to use the set-up with
the aluminium ring with a water-CHB interface but it wasn’t possible to
reach a flat interface because the CHB has a density greater than water.
3.4 Particles at a flat water-hexane interface
The interface inside the set-up was created by first adding the water into
the glass cylinder holder, then inserting the aluminium-teflon ring and
finally adding the hexane inside the ring on top of the water. To reach a flat
interface the volumes of the two liquids needed to be adjusted. Although it
was difficult to reach a hydrostatic equilibrium between water and hexane
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the optimal volumes of the two liquids for our experiments were:
water 1500µl
hexane 800µl
Once a flat interface was obtained 20µl of dispersion of single core-shell
colloids in hexane was pipetted on top of the hexane. Two concentra-
tions of particles in hexane were used,∼10% and∼2% of dispersion mass.
Since the density of the PMMA colloids is larger, 1.1g/cm3, than hexane,
0.65g/cm3, the colloids sedimented to finally reach the interface. Usually
this process was fast, it needed less than 30m to have all the particles sedi-
mented at the interface. The interface was roughly at 1mm from the glass.
Because the clusters were in water, they were pipetted directly at the
interface. The particles added in the water phase sedimented at the glass.
Therefore, 40µl of clusters with a concentration of ∼1% and ∼5% were
used to ensure to have a fraction of them at the interface. These are the
liquid amounts used to have clusters at the water-hexane interface in the
set-up:
water 1460µl
hexane 800µl
3.5 Curved Water-oil interface set-up
We tried to obtain a flat interface between water and CHB with the set-up
with the aluminium ring. This was not possible due to the characteristics
of CHB. In fact it has a density greater than water and it doesn’t like to
be in contact with glass. So it was not possible to use our set-up because
the weight of CHB breaks the interface in the middle. We decided then
to use a simple interface composed by a droplet of CHB with the particles
in it suspended in water, using the glass cylinder holder from the set-up
without the ring in it.
3.6 Particles at a curved Water-oil interface setup
Since we wanted to have the droplet bottom as close as possible to the
glass (without touching it), we used the amount of water sufficient to
cover all the bottom of the glass cylinder (1500µl) and then we added a
droplet of CHB containing the particles. The droplet (20µl) was pipetted
over the water and it floated in the centre of the cylinder over the water
phase. Thus, a water-CHB interface was created between the droplet and
24
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the water. The particles concentration used was low (∼0.1% for the single
particles and ∼0.16% for the clusters) because the droplet with the parti-
cles was the only CHB present in the set-up.
3.7 Conductivity of CHB
To decrease the conductivity in CHB and therefore increase the range of re-
pulsion between the particles the CHB was filtered. The CHB was filtrated
by passing it through a cylinder filled with aluminium activated spheres
and glass wool. The conductivity of the CHB was measured before and
after some filtration cycles. The measure were made with a 2100 conduc-
tivity meter (Ilium technology, inc.). In table 3.5 the measurements of the
CHB and some other tested liquids are listed. Here it can be seen that the
conductivity clearly decreased after filtration.
Table 3.5
Liquid Measured conductivity (S/cm)
DI water) 2.63e-6
2mol KCl in DI Water 1.097e-8
CHB 1.70e-9
CHB filtered once 6.910e-10
CHB filtered twice 3.025e-10
CHB filtered 4 times 1.909e-10
Version of August 1, 2016– Created August 1, 2016 - 14:02
25

Chapter4
Results
4.1 Synthesis results
4.1.1 Fluorescent PMMA cores
Three batches of fluorescent cores were synthesized: CoresSet1, CoresSet2
and CoresSet3. All the particles were stable after their synthesis. A SEM
image of the three syntheses are shown in Fig.4.1
While a spherical shape was expected with this method, the shape of
CoresSet1 particles is aspherical since they seem to be crumpled. This
could be because the dye solution wasn’t filtered and this could have
caused irregularity during the formations of the particles leading to this
shape. In fact, the dye pieces could have been nuclei for the polymer-
ization, and this could have disturbed the synthesis. For the other two
syntheses the same procedure was followed, but here the dye /monomer
solution was filtrated before use. Here, spherical colloids of 1.74µm ±
0.03µm (CoresSet2) and 1.80µm ± 0.06µm (CoresSet3) were formed. To
obtain well-defined colloidal cluster, spherical core-shell particles are re-
quired, therefore only the particles of batches CoresSet2 and CoresSet3
were used for this project.
4.1.2 Stabilizer Locking
The PHS-g-PMMA stabilizer was locked by adding 0.2% of the dispersion
mass of DMAE to the dispersion. In on case, although the stabilizer was
locked, CoresSet2 2Shell, the particles destabilized over time (a month).
Therefore, the CoresSet3 Shell particles were locked with ten times the
amount of DMAE used normally to ensure all adsorbed PHS-g-PMMA
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Figure 4.1: Top left: CoresSet1 2.9µm ± 0.12µm diameter, polydispersity 4%.
Top right: CoresSet2 1.74µm ± 0.03µm diameter, polydispersity 2%. CoresSet3
1.80µm± 0.06µm diameter, polydispersity 3%.
28
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molecules were covalently linked to the particles surface. This was based
on the procedure used by G. Bosma et al. [17]. We observed that this col-
loids remain stable for at least 3 weeks (after that time the particles were
not checked). We suggest to continue to use this incremented percentage
from now on to ensure stability. We assume that the excess of this chemical
does not influence particles surface properties.
4.1.3 Fluorescence enhancement
In Fig 4.2 the effect of the fluorescent enhancement procedure on the Cores-
Set2 particles can be observed. Although no quantitative measurement
on the fluorescence of the particles before and after the procedure was
performed, the procedure permitted to have better quality images of the
particles. It was observed that there was a significant increment on the
particles fluorescence after the procedure every time it was performed. In
fact, the laser power used during confocal microscopy to image the parti-
cles was at least three times smaller. Thus, we retain valid the estimation
made by Elsesser et al. [8] of an increment of 5 times of the fluorescence of
the particles.
4.1.4 Shell growth
The shell procedure was performed five times. The first shell growth pro-
cedure was performed over the CoresSet2 particles. The measured parti-
cles size was 1.74µm ± 0.03µm before the reaction and 1.72µm ± 0.04µm
after. Since there particles have the same size as the cores, it can be con-
cluded that no shell was formed. A careful look at the shell procedure fol-
lowed in this case revealed that the amount of AIBN used was ten times
the amount that was require. This excess of initiator could have induced
many polymerization sites, most of them not in the surface of the particles,
inducing an excess of secondary nucleation. Unfortunately the images of
the particles taken after the shell growth and the particles had already been
washed so it wasn’t possible to check if the secondary nucleation was the
main cause of the failed growth.
The procedure was repeated with the right amount of AIBN present
in the reaction mixture. This time a shell og 45nm was obtained. The
SEM images of these particles shell (Fig. 4.3) shows that the surface of
the core-shell particles is also slightly more rough compared to the cores
(Fig. 4.1). This shell thickness is to low to detect with confocal microscopy.
Therefore, another shell was grown on the same particles reaching a total
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Figure 4.2: On the left are displayed the particles sediment in a vial before the
fluorescence enhancement, on the right the same particles after it
30
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shell thickness of ∼ 110nm.
Figure 4.3: The CoresSet2 particles diameter before the reaction was 1.74µm ±
0.03µm. On the left the particles after the first growth, the diameter measure on
them was 1.83µm± 0.04µm. The image on the right shows the particles after the
second shell growth. Their final diameter size was 1.97µm± 0.05µm.
With the knowledge obtained during the previous synthesis another
shell growth was performed on the particles CoresSet2 where the first at-
tempt had failed. This time, a shell with the desired thickness (100nm) was
synthesized. Again the the surface roughness of the particles increased
slightly. A SEM image of the CoresSet Shell particles and a confocal one
are shown in Fig.4.4.
From the confocal image it can be seen that the shell contains more
dye than the core. This is not what we expected because the dye was
not present during the shell growth synthesis. It could be possible that
there was some fluorescent dye in the solution left after the fluorescence
enhancement procedure that was performed on those particles before the
shell growth. The fluorescence of these particles has an interesting config-
uration but it was not suitable for the purpose of the project.
To obtain core-shell particles with a fluorescent core and a non-fluorescent
shell a final synthesis was performed. Here, the CoresSet3 particles were
used. In Fig.4.5 is shown the result of the shell growth procedure.
For all the synthesis the shell was thinner than expected from the monomer
mass added. The expected and actual shell growth is displayed in table 4.1
We cannot explain why we had such low conversion rate compared to the
ones obtained bu Elsesser et al. in their similar synthesis (all above 78%)
[8]. Since the obtained growth was enough for us we continued with the
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Figure 4.4: The diameter of the CoresSet2 particles before the reaction was
1.72µm± 0.04µm. On the left image are shown the particles after the reaction, the
diameter measure on them was 1.94µm± 0.05µm. On the right a CoresSet2 Shell
image taken with confocal microscope. The shell presents clearly fluorescence. It
can be said that there is not an undyed shell around the particles because if there
was, the particles would have been separate in the confocal image
Figure 4.5: The CoresSet3 particles before the reaction had a diameter of 1.80µm±
0.06µm. The particles after the reaction (CoresSet2 Shell) had a diameter of
2.00µm± 0.05µm. .
32
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Table 4.1: lists the ratio of monomers that were actually synthesized in the shell.
The ratio is calculate by dividing the expected value used during the calculations
preliminary to the reaction by the effective growth after it
Core shell batch
added
monomer
mass (g)
monomer
mass ab-
sorbed by
cores (g)
Conversion
ratio
CoresSet2 (failed growth) 1.74 0 0%
CpresSet2 1Shell 2.22 0.73 33%
CoresSet2 2Shell 3.12 0.80 26%
CoresSet2 Shell 2.71 0.69 25%
CoresSet3 Shell 2.83 0.63 22%
project.
4.1.5 Colloidal Clusters
The clustering procedure was performed four time successfully. There
were differences in the results depending on the differences on the pro-
cedure used.
Figure 4.6: A) CoresSet2 1Shell Clusters. B) CoresSet2 2Shell Clusters1.
In Fig.4.6 A and B SEM images of colloidal clusters of batches Cores-
Set2 1Shell Clusters and CoresSet2 2Shell Clusters1 are shown, respectively.
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Figure 4.7: CoresSet2 2Shell Clusters2 on the left and CoresSet3 Shell Clusters.
on the right image are shown
The colloidal clusters shown in Fig. 4.6A have a high size distribution (∼
5-20). A size distribution of 2-8 was obtained by increasing the emulsifica-
tion time from 1min to 2min (Fig. 4.6B). Therefore the toluene droplets de-
creased in size. Beside the colloidal cluster the CoresSet2 2Shell Clusters1
present a lot of small particles in the sample. Since these particles were
left in toluene for 3 days to swell before the clustering. Some mass could
have been expelled from the particles since toluene is a very good swelling
agent for PMMA. This problem was minimized in the following clustering
procedure by leaving the particles in toluene only for one night. The proce-
dure was repeated to have both small size distribution and less amount of
expelled mass. In Fig.4.7 are shown the results of the CoresSet2 2Shell Clusters2
and CoresSet3 Shell Clusters. These were the best results with both small
sized clusters and small amount of other particles. In these procedure
the amounts of particles in toluene, 1% SDS solution and MQ water were
scaled three times bigger to have a bigger amount of clusters produced.
In Fig.4.8 a bright field and a confocal microscope image of the Cores-
Set3 Shell Clusters is shown.
4.2 Stability
All the particles after their synthesis were stable in their media, organic for
the Cores and the cores-Shell particles and water for the clusters. Problems
with the stability of the particles rose when they were transferred to other
34
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Figure 4.8: CoresSet3 Shell Clusters confocal (left) and bright field (right) images.
It is possible to distinguish the single particles inside the cluster thanks to the
fluorescent core-shell structure of the particles
kind of media even if the stabilizer on the surface of the particles should
have prevent this. The single particles (Cores and Core-Shell particles)
were stable in all the organic media we tried (dodecane, hexane, ethanol
and CHB) but their cluster were not. In Fig. 4.9 are shown different sets
of clusters in ethanol, CHB, and hexane. The transferring of the clusters
in others CHB and hexane was made by drying and then redispersing the
clusters. To transfer the clusters in ethanol from water they were washed
with it three times. To transfer the clusters from ethanol to hexane by
washing was also tried with the same result of no-stability for the clusters.
To have stable clusters in organic solvent some dried CoresSet3 Shell Clusters
were dissolved in a mixture of filtered CHB Decalin 72:28 (w/w) with
PHS-g-PMMA stabilizer. After sonification for 20min the cluster were ob-
served to be stable in this mixture.
4.3 Particles at water-oil interfaces
4.3.1 Flat water-hexane interface
A flat water-hexane interface was created using the interface cell with the
aluminium/teflon ring. The cores spheres (CoresSet2 and CoresSet3) were
added to the hexane phase and went to the interface by sedimentation.
Optical microscopy images of these particles attached to the water-hexane
interface are shown in Fig. 4.10 The particles form agglomerates at the
interface in a fractal disposition at high particles concentrations (10% left
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Figure 4.9: Top left: CoresSet2 1Shell Clusters in ethanol, top right Cores-
Set2 1Shell Clusters in hexane, bottom left CoresSet2 2Shell Clusters2 in CHB,
CoresSet3 Shell Clusters in CHB. Bottom images taken with confocal microscopy
since CHB and PMMA have the same reflex index and so it is really hard to visu-
alize the particles with normal microscopy
36
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image). There seems to be a short range attraction and a long range re-
pulsion with smaller concentration (2% right image). The size of the ag-
glomerates depends on the concentration of particles at the interface. In
the first image the particles have not enough space to experience the long
range repulsion thus there is one big aggregate. In the second case the par-
ticles have more space and they form smaller aggregates that stay separate
from each other.
Figure 4.10: Left image: CoresSet2 in hexane at water hexane flat interface. Con-
centration ∼10% in the added droplet Right image: CoresSet3 in hexane at water
hexane flat interface. Concentration ∼2% in the added droplet
The clusters at the water hexane interface shows similar behavior as
the spheres. As the spheres, the clusters also form large fractal structures
as can be seen in Fig. 4.11.
To add the clusters at the interface it was not possible to use sedimenta-
tion since the clusters are not stable in hexane and so they have to be added
when they were dispersed in water with a pipette trying to put them di-
rectly at the interface. Since it is experimentally difficult to put the clusters
exactly at the interface, sometimes interesting structures were obtained in
case at high concentration (∼5%) hollow spheres covered with particles of
tens of microns in diameter were obtained. We speculate that a pickering
emulsion was formed with water inside and hexane outside. This could
have formed when the clusters in water were accidentally added in the
hexane phase. Due to high particle concentration the water droplets were
stabilized by the colloids. They remained stable also when they reached
the interface. This phenomenon can be seen in fig. 4.11, with small bub-
bles and clearly in fig. 4.12 where a confocal image shows the structure
inside these bubbles.
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Figure 4.11: Left image: CoresSet2 1Shell Clusters in water at water hexane
flat interface. Concentration ∼2% in the added droplet. Right image: Cores-
Set2 2Shell Clusters1 in water at water hexane flat interface. Concentration ∼1%
in the added droplet
Figure 4.12: Left image: CoresSet3 Shell Clusters in water at water hexane
flat interface. Concentration ∼5% in the added droplet. Right image: Cores-
Set3 Shell Clusters in water at water hexane flat interface, Confocal Image. Con-
centration ∼5% in the added droplet
38
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To avoid the formation of these droplets the clusters were added to the
interface while in ethanol instead of water. Since ethanol is a good spread-
ing agent we expected that the clusters would have gone to the interface.
We observed that the clusters were not stable in ethanol. Plus, when we
tried to use ethanol as spreading agent we observed the formation of some
droplets of what we think was ethanol at the interface connected with the
clusters agglomerates similar to when water was used.
4.3.2 Curved water-CHB interface
The goal of this study was to obtain crystal structures at the water oil in-
terfaces. So we decided to change the hexane with CHB because this oil
should induce a charge in the surface of the particles when they are at the
interface with water resulting in a repulsive force between them [4]. Filter-
ing the CHB it is possible to change its conductivity and so the repulsion
range between spheres at the interface. Furthermore, the CHB matches
the reflex index and the density of the particles allowing better images of
them. All the PMMA spheres were stable in CHB with the exception of
the CoresSet2 2Shell, as discussed in the the Stability session. Interface ex-
periments with the spheres were performed in unfiltered (1.7nS/cm) and
filtered (190.9pS/cm) CHB. Fig. 4.13 shows the CoresSet3 Shell spheres in
CHB at a water-CHB interface and the CoresSet3 Shell spheres in filtered
CHB at water-filtered CHB interface.
In both cases repulsion between the spheres at the interface is observed.
They seem to accumulate to the border of the droplet, maybe due to evap-
oration. The repulsion is not any more sufficient to keep the particles apart
and they form a compact disordered layer. CoresSet3 Shell spheres in fil-
tered CHB at a water-filtered CHB interface repel over a larger range re-
sulting in a larger distance between the particles. Again the particles near
the border (D,E,F) appear more packed than the ones in the centre of the
droplet (C). Near the border, where the particles are constrained to be more
close (D) some big agglomerates are observed but also some crystal struc-
tures (E,F).
The CoresSet3 Shell Clusters in a mixture of PHS-g-PMMA were ob-
served at the interface in Fig. 4.14. They do not show any regular pattern
both at the border of the droplet and the centre. Similarly to the single
particles they are pushed to the border and in the centre there is less con-
centration of clusters.
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Figure 4.13: CoresSet3 Shell in CHB at water-CHB interface: A) droplet center, B)
droplet border. CoresSet3 Shell in filtered CHB at water-filtered CHB interface:
C) droplet center, D) droplet border, E) and F) zoomed zones near the droplet
border.
40
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Figure 4.14: CoresSet3 Shell Clusters in a mixture of PHS-g-PMMA, decalin and
filtered CHB at the interface with water. Left image: droplet border. Right image:
droplet centre
Version of August 1, 2016– Created August 1, 2016 - 14:02
41

Chapter5
Conclusions
During this research project cross-linked PMMA core-shell particles have
been synthesized. Whereas the core was fluorescent the shell did not con-
tain dye. These core-shell particles were used to make colloidal clusters of
well-defined shapes. It has been observed that the clusters are not stable
in organic media while the single particles are. So we conclude that for
some reasons the stabilizer on the surface of the particles is not anymore
effective on the clustered particles. Experiments with colloidal particles at
the interface were made and the set-up to to have flat water-oil interfaces
was successfully made and used with water and hexane. The behavior
of single particles and clusters at water-hexane and water- CHB interfaces
was observed.
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AppendixA
Solution of a New theoretical
model for Self-Assembly of
Virus-like Particles
Abstract A new theoretical model combining Hill and Langmuir dynam-
ics has been recently developed by P.Van der Schoot and D. Kraft to de-
scribe biological processes where there is a competition between the Lang-
muir and Hill adsorption. In this work this model has been numerically
solved using the Runge-Kutta approach to solve the coupled differential
equations. Finally, the results have been confronted with experimental re-
sults, made with proteins attaching to a polymeric chain simulating the
self-Assembly of Virus-like particles, to test the validity of the model.
A.1 Introduction
The kinetics we are going to describe is
the self-assembly of proteins on a DNA
template that occurs during the forma-
tion of natural rod shaped viruses. It oc-
curs in two steps, first the proteins at-
tach to the DNA template and then the
proteins cooperatively bind together form-
ing the virus capsid. To explore this
biologically-inspired self-assembly, a de-
signer protein which acts as building block
of an artificial virus capsid has been re-
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cently developed.[18] They used a recom-
binant protein, C4S10BK12, that closely mimic the property of the rod-like
viruses. It consists in three blocks: a 407-amino-acid-long hydrophilic
random-coil sequence C which provides stability; the self-assembly block
S10 which is composed by a silk-like sequence and permits the binding
between the proteins; the cationic binding block K12 which bind with the
anionic DNA template through electrostatic interactions. First the proteins
attach to the template through their binding sites. When two attached pro-
teins are close they cooperatively bind through their S10 blocks. This bind-
ing enhances the protein concentration resulting in the formation of a rigid
capsid around the DNA chain. This chain is stretched by the proteins and
this gives the rod-like shape to the virus.
Figure A.1: Self-Assembly of proteins C4S10BK12 on DNA template over time.
Scale bars 300nm. (A.Hernandez-Garcia et all. Nature Nanotech. 2014, 9, 699
[18])
A.2 Theoretical model
This theoretical model (developed by Paul van Der Schoot and Daniela
Kraft but not yet published) considers the random adsorption of molecules
on a template and their subsequent reversible co-operative association. In
our case the adsorbed molecules are the proteins and the template is the
DNA chain. It assume the adsorption of the proteins to the template fol-
lowing the Langmuir adsorption model for free gases.[19] To describe the
co-operative binding between the adsorbed proteins it uses the Hill ap-
proach [20]. In this model the proteins are dispersed in a solution, with
mole fraction xa, together with the templates molecules, with mole fraction
xt. Every template molecules has M binding sites so the overall available
sites for the free molecules to bind with the template are M · xt. The frac-
tion of sites occupied by co-operatively bounded and adsorbed molecules
46
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at time t is denoted by η(t). θ(t) denotes the fraction of remaining sites
(1− η(t)) occupied by only adsorbed molecules. Note that in this model
only the adsorbed molecules can co-operatively bind and both the reac-
tion are reversible. At t = 0 all the molecules are free in the solution
(η(t) = θ(t) = 0) and the fraction of free molecules x fa (t) is equal to xa.
Afterwards the particles can bind to the templates but the total number
remains the same:
xa = x
f
a + η(t) + (1− η(t))θ(t)Mxt (A.1)
The dynamic of the adsorption of molecules is described by the Langmuir
equation:
dθ(t)
dt
= L+[1− θ(t)]− L−θ(t)− dη(t)dt (A.2)
where L+ and L− are respectively the adsorption and desorption rate which
depend on time. If the system follows the Langmuir theory we can predict
the behavior at equilibrium:
lim
t→∞ θ(t) = limt→∞
KLx
f
a (t)
1+ KLx
f
a (t)
KL =
L+
L−x
f
a (t)
(A.3)
where KL is a dimensionless binding constant. The so-adsorbed molecules
can reversibly bind together following the Hill differential equation:
dη(t)
dt
= H+[1− η(t)]− H−η(t) (A.4)
in which the forward and backward rates H+ and H− depend on time.
The Hill equation of state tells us the fraction coverage at equilibrium:
lim
t→∞ η(t) = limt→∞
[KHθ(t)]n
1+ [KHθ(t)]n
KnH =
H+
H−θ(t)n
(A.5)
KH is a dimensionless binding constant associated with the co-operative
binding and n is the Hill coefficient which controls the degree of coopera-
tivity of the system. For n > 1 there is a positive cooperative binding, for
n < 1 the cooperative binding is negative and for n = 1 there is no cooper-
ative effect and the Hill equation is equivalent to the Langmuir equation.
A.3 Runge-Kutta Approach
To solve numerically these differential equations I used the Runge-Kutta
approach.[21] I had to couple the two functions to evaluate them at the
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same time because they depends on each other. The starting point of the
system is zero coverage of the template and the evolution is described by
the Hill and the Langmuir equations:
η′ = f (η, θ) η(t0) = η0
θ′ = g(η, θ) θ(t0) = θ0
Now we take an arbitrary step of size h and we evaluate the functions
at t + h using the increments given by the known derivative of the func-
tions. The functions do not depend explicitly on time (n = th ), but taking
h as small as possible to perform the simulations (h << 1) increases the
accuracy of the simulation:
ηn+1 = ηn + h(k1 +
k2
2
+
k3
2
+ k4)
θn+1 = θn + h(r1 +
r2
2
+
r3
2
+ r4)
using these parameters:
k1 = f (ηn, θn) r1 = g(ηn, θn)
k2 = f (ηn +
h
2
k1, θn +
h
2
r1) r1 = g(ηn +
h
2
k1, θn +
h
2
r1)
k3 = f (ηn +
h
2
k2, θn +
h
2
r2) r3 = f (ηn +
h
2
k2, θn +
h
2
r2)
k4 = f (ηn + hk3, θn + hr3) r4 = f (ηn + hk3, θn + hr3)
In this way the two functions have been coupled together using the
most accurate value at the moment to calculate every k and r coefficients.
A.4 Analytical results
The numerical evaluations have been coded using Mathematica. As first
some test parameters have been used to run the evaluations and test the
validity of the model. As we can see at first most of the molecules are
only attached to the template. As soon as the concentration of adsorbed
molecules increases (θ) also the concentration of adsorbed and co-operatively
bounded molecules increases (η). The system then stabilizes and reaches
the value predicted by the theory (equations (3) and (4)) and showed in
the table below the graph. The two constants KL and KH govern these
values because they determine the strength of the two types of bond. The
48
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functions η + (1 − η)θ represents the total concentration of particles at-
tached to the template, both the only adsorbed one and the adsorbed and
co-operatively bounded. In Fig.A.2 The starting concentrations of free
molecules and of the templates sites have been set equal. The values are
set far below zero to simulate a diluted case.
Figure A.2
A.5 Experimental results
To measure the coating of the template it has been used a mechanochromic
sensor instead of the DNA template. This polymer chain shows a shift in
the fluorescence spectra when it undergoes trough a stretch of its structure.
So, this change in the emission spectra can be used to measure the coating
of the template [23]. The contribute given to this signal by the two different
type of binding is different: the attachment of the proteins to the template
has a smaller effect on the stretching of the mechanochromic sensor than
the binding of the proteins together to create the capsid. Because of this
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the simulated signal from the simulations has been calculated with an ar-
bitrary weight factor for the two different dynamics. ((η) contributes ten
times more than (θ)). The only set parameters from the experiments are
the initial molar concentration of the proteins and the templates (xa, xt).
To express the mixing ratio of this two molecules we consider the molar
ratio of the charges for the two species:
f+ =
[+]
[+] + [−]
The others parameters (KL,KH and n) has been qualitatively adjusted to
match with the experimental data. In Fig.A.3 are shown the simulations
compared to the experimental data for f+ = 25 and f+ = 40. (Experi-
mental results from the group of Dr. J. Sprakel, Wageningen University,
unpublished results)
Figure A.3
The simulations shows some key features in common with the experi-
mental data. The process starts initially with only Langmuir type binding
to the template, in fact the signal shows an initial plateau for a time less
than 2 hour for the f+ = 25 concentration and 1 hour for f+ = 40. After
this time (called nucleation time) the templates rapidly becomes covered
50
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by the coated proteins till it reaches the equilibrium. The final coverage is
well determined by the simulations in the case of f+ = 25 but its slightly
bigger for f+ = 40. This is because the proteins can also bind together
without the presence of the template but this behavior is not detected by
the polymeric mechanochromic sensor. The effects of this competition be-
tween co- and self-assembly can be clearly seen when the number of pro-
teins increases in the solution: for f+ = 50 and f+ = 70 the experimental
data shows that the capsid doesn’t cover completely the template but after
the initial growth it reaches an equilibrium far below the expected value.
Figure A.4
A.6 Conclusions
This theoretical model catches well some aspect of the self-assembly in
the virus-like particles. It could be apply to other physical and biological
process because of its generality. The Runge-kutta approach used to solve
the differential equations can give good approximation without spending
too much computational time. It’s accuracy can be set by increasing or
decreasing the step of the evaluations.
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AppendixB
Set-up
In this chapter are showed the technical details to create the set-up. In
the image above there is shown the only modification we made: we de-
creased the height of the point where the teflon inner cylinder and the alu-
Version of August 1, 2016– Created August 1, 2016 - 14:02
53
54 Set-up
minium part meet by decreasing the size of the feet from 0.5mm to 0.4mm
and the size of the aluminium part from 1mm to 0.5mm The following im-
ages show the original design used by Ping Liu and Daniel ten Napel at
Utrecht University.
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